Members of the eukaryotic hsp90 family function as important molecular chaperones in the assembly, folding and activation of a select group of cellular signalling molecules and transcription factors. Several of the molecules with which hsp90 interacts, such as the bHLH transcription factor myoD, are known to be important regulators of developmental events in vertebrates. However, little information is available in support of any specific role for hsp90 in developing embryos in vivo. In this study, we provide the first in vivo evidence that the hsp90a gene may play a role in the process of myogenesis. We show that constitutive hsp90a mRNA in zebrafish embryos is restricted primarily to a subset of cells within the somites and pectoral tin buds which also express myoD. Furthermore, expression of the hsp90a gene is down-regulated along with myoD in differentiated muscles of the trunk at a time when levels of mRNA encoding the muscle structural protein a-tropomyosin remain high. No hsp90~ mRNA is detectable within the CNS at control temperatures. In contrast, heat shock-induced expression of the hsp90a gene occurs throughout the embryo at all stages of development examined. The expression patterns strongly suggest that the hsp90a gene plays a specific role in the normal process of myogenesis in addition to providing protection to all cells of the embryo during periods of environmental stress.
Introduction
Exposure of prokaryotic and eukaryotic cells to elevated temperature or other environmental stresses results in the activation of a small but highly conserved set of genes encoding the heat shock proteins (hsps; reviewed recently in Morimoto et al., 1994) . Families of hsps with sizes of approximately 80-90, 68-70, 60, and 15-30 kDa are synthesized by most, if not all, eukaryotes. Several heat shock proteins, most notably the hsp 60 and 70 families, act as molecular chaperones which mediate the correct assembly and localization of intracellular and secreted polypeptides and oligomeric protein structures. The importance of heat shock proteins in the protein folding pathway is reflected in the fact that a number of heat shock genes are expressed at high levels during nor-ma1 cell growth (Morimoto et al., 1994 and references therein) . Stress conditions which enhance the synthesis of heat shock proteins give rise to an accumulation of denatured and aberrantly folded proteins within the cell. Thus, the interaction of hsps with abnormal proteins during stress is thought to be an extension of their role during normal cell growth (Hightower et al., 1994; Randall et al., 1994) .
In addition to being components of protein folding pathways, some heat shock proteins have been implicated in playing a post-translational regulatory role within eukaryotic cells. Numerous biochemical studies have shown that members of the hsp90 family interact with and modulate the activity of several important cellular signalling molecules and transcription factors such as steroid receptors (Catelli et al., 1985; Sanchez et al., 1985; Pratt, 1992 Pratt, , 1993 Smith and Toft, 1993) , pp60v-src kinase (Schuh et al., 1985; Brugge, 1986) and myoD (Shaknovich et al., 1992; Shue and Kotz, 1994) . Studies in yeast have extended these observations to show that hsp90 plays a role in signal transduction cascades in vivo. For example, reduction in the activity or levels of hsp90 in Succharomyces cerevisiae specifically compromise the activity of mammalian glucocorticoid receptor and pp60v-src in strains which express these two signalling molecules (Picard et al., 1990; Bohen and Yamamoto, 1993; Xu and Lindquist, 1993; Nathan and Lindquist, 1995) . In Schizosaccharomyces pombe, hsp90 interacts with the product of the Wee1 gene, which is responsible for carrying out the inhibitory tyrosyl phosphorylation of CdcZcyclin B kinase (Aligue et al., 1994) . Partial loss of function mutations in hsp90 overcome the cell cycle arrest which is caused by overexpression of Weel, suggesting that hsp90 is involved in cell cycle control.
Heat shock proteins exhibit complex spatial and temporal patterns of expression during embryogenesis in a variety of animal systems (reviewed in Hightower and Nover, 1991; Heikkila, 1993a,b) . For example, maternally synthesized hsp 83 mRNA in Drosophila embryos is localized to the posterior pole by a novel mechanism which involves general degradation throughout the embryo and localized protection at the posterior ; hsp 83 is the single member of the hsp90 family in Drosophila). In contrast, zygotic expression of the hsp 83 gene is localized specifically to the anterior pole and may be regulated by the anterior morphogen, bicoid . Studies such as these have led to the suggestion by numerous authors that hsps play fundamentally important roles during early embryonic development (see Hightower and Nover, 1991; Heikkila, 1993a,b and references therein) . In this light, the capacity of hsp90 to act in a regulatory fashion in intracellular signalling pathways is particularly intriguing and a recent study in Drosophila suggests that it may play a similar role within the developing embryo. Cutforth and Rubin (1994) demonstrated that mutations in the hsp 83 gene impair signalling by the sevenless receptor protein tyrosine kinase, which is required for determination of the R7 photoreceptor neuron during development of the compound eye. Embryos carrying these mutations in a low sevenless background exhibit a reduced number of R7 photoreceptors. Interestingly, the mutated amino acids in four of the five mutant strains are identical or conserved among eukaryotic hsp90 and three of them correlate closely to positions in yeast hsp90 known to be important for reconstituted steroid receptor activity.
Two closely related members of the hsp90 family termed hsp9Oa and hsp9qS have been identified in human, chicken and zebrafish or the corresponding hsp 86 and hsp 84 in mouse (Moore et al., 1987 (Moore et al., , 1989 Hoffmann and Hovemann, 1988; Binard et al., 1989; Hickey et al., 1989; Rebbe et al., 1989; Meng et al., 1993; Krone and Sass, 1994) . While the above-mentioned study strongly suggests that hsp 83 plays an important role in the regulation of embryonic development in Drosophila, very little information is available concerning the expression and function of the hsp90 family in early vertebrate embryos. However, two recent studies suggest that members of the vertebrate hsp90 family could play a role in the process of myogenesis. Shaknovich et al. (1992) showed that the sequence-specific DNA-binding activity of the murine basic helix-loop-helix (bHLH) protein myoD synthesized in vitro is enhanced in the presence of hsp90. In their study, hsp90 was found to interact in a transient fashion with myoD and was not a component of the final DNA-protein complex. Subsequently, Shue and Kohtz (1994) demonstrated that hsp90 could also activate the DNA-binding activity of recombinant myoD/E12 heterodimers, the most probable cellular form of myoD (Lassar et al., 1991) , purified in an inactive state from bacterial cells. Furthermore, they demonstrated that the activation step mediated by hsp90 occurred subsequent to heterodimer formation. The authors suggested that hsp90, together with other chaperone-like molecules, could be components of post-translational regulatory circuits which modulate the activity of myoD and other bHLH proteins in a non-covalent manner. While such a model is intriguing with respect to the spatial and temporal regulation of transcription factor activity during embryonic development, correlation of these or other studies examining the function of hsp90 in vitro to early embryogenesis in vivo have not been established.
In the present study, we provide for the first time evidence which establishes a strong link between hsp90 gene expression and the process of myogenesis in vivo. We show that constitutive hsp90a mRNA is restricted primarily to a subset of cells which express myoD within the somites and pectoral fin buds of developing zebrafish embryos. Furthermore, we show that expression of the hsp90a gene is down-regulated along with myoD in mature muscles of the trunk at a time when levels of mRNA encoding the muscle structural protein cr-tropomyosin remain high. No hsp90a mRNA is detectable in the developing brain or spinal cord at control temperatures. Following heat shock, the hsp90a gene is expressed at high levels throughout the embryo, including the CNS. In contrast to hsp90a mRNA, hsp90,8 mRNA is detectable within the CNS at both control and heat shock temperatures and is not specifically co-expressed with myoD mRNA in the somites and pectoral fin buds. Thus, our data strongly suggest that the hsp90a gene plays a specific role in the normal process of myogenesis in addition to providing protection to all cells of the embryo during periods of environmental stress. We have previously reported that the hsp90a and hsp90p genes in zebrafish were generated by a gene duplication event which occurred shortly before the emergence of the teleosts from the rest of the vertebrate lineage (Krone and Sass, 1994) . Using Northern blot analysis with gene specific probes, we were able to show that expression of the hsp90a gene is strongly inducible in gastrula and later stage embryos following a l-h heat shock at 34°C or 37°C. In contrast, the hsp90p gene is only weakly inducible following a similar heat shock and then only in early stages of development.
Results

2.1,
Our data suggested that the two genes are subject to different mechanisms of regulation and that they may be playing different roles during early embryogenesis.
As mentioned in Section 1, biochemical studies have demonstrated that mouse hsp90 can activate the DNA binding activity of myoD homodimers and myoD/E12 heterodimers (Shaknovich et al., 1992; Shue and Kohtz, 1994) suggesting that members of the hsp90 family could play a role in the process of vertebrate myogenesis. However, a link between these biochemical data and the expression of hsp90 in developing embryos in vivo has not yet been established. As a first step in determining if members of the zebrafish hsp90 gene family play a role in myogenesis in vivo, we utilized whole mount in situ hybridization analysis with gene specific probes (Krone and Sass, 1994) to examine the spatial patterns of hsp90a and hsp90p gene expression in embryos undergoing somitogenesis. Interestingly, we found that constitutive expression of the hsp90a gene in 16-h-old embryos maintained at 28S"C was specifically localized to cells within the developing somite and unsegmented paraxial mesoderm extending into the tailbud (Fig. lA,B ,G). Following segmentation, were carried out on 16-h-old embryos using antisense RNA probes as outlined in Section 4. Note that hsp90a mRNA is detectable in the head, including both the developing brain and head mesoderm, only following heat shock (arrowhead in C). A,B,D,E,G,H,I,
dorsal view. The anterior end of the embryos in B,C,E,F is indicated with a lower case letter a. In G-L, the anterior end of the embryo is to the right. Scale bar, IOOpm. hsp90a mRNA was found within a subset of somitic cells along the notochord and in a region along the posterior margin of the somite. At this stage of development, hsp90a mRNA was not detectable in tissues of the developing head nor along the central axis of the embryo within the notochord and the neural keel/tube at control temperatures (28.5'C). However, a signal was detectable in these tissues following a l-h heat shock at 37°C (C,J). Time course studies have revealed that maximal levels of hsp90a mRNA are reached following l-h at 37°C (Krone and Sass, 1994; Sass and Krone, unpublished) . In addition, the level of hsp90a mRNA throughout the somites was elevated following heat shock with the highest levels occurring adjacent to the notochord and along the posterior margin of the somite. In contrast, a very different expression pattern was observed for hsp90fl mRNA in mid-somitogenesis embryos (D-F). At control temperatures, hsp90,8 mRNA was detectable at relatively high levels within the developing CNS and did not exhibit a segmental pattern of expression within the somites. Following heat shock, a slight increase in hsp90p mRNA was observed but the spatial distribution of the message did not change. This agrees with our previous findings using Northern blot analysis which demonstrated that the hsp90,8gene is only weakly heat-inducible at this stage of development @one and Sass, 1994). These data demonstrate that the hsp90a and hsp90,8 genes are subject to different mechanisms of regulation in mid-somitogenesis zebrafish embryos. Furthermore, the data provide the first indication that at control temperatures hsp90a mRNA may be restricted to cells undergoing myogenesis. This possibility is explored in more detail in the following sections.
Co-expression of hsp90a and myoD mRNA within the developing myotome
In order to explore the relationship between expression of the hsp90a gene and the process of myogenesis in more detail, we next compared the spatial pattern of hsp90a mRNA accumulation to that of mRNA encoding the myogenic bHLH protein myoD and the musclespecific structural protein a-tropomyosin. Detailed analysis of the expression patterns of these genes in zebrafish embryos has revealed that, following somite formation, myoD mRNA is expressed within a medial domain of the myotome adjacent to the notochord and a lateral domain which extends out along the posterior margin of the somite (Weinberg et al., 1995) . In contrast, a-tropomyosin mRNA is detectable only within cells in the medial domain adjacent to the notochord but does not extend out laterally into the somite (Thisse et al., 1993; Weinberg et al., 1995) . As shown in Fig. lG-I , hsp90a mRNA exhibits a pattern of tissue-specific expression at 28.5"C which is intermediate between that of myoD and a-tropomyosin. It is detectable within cells in the medial domain along the notochord but also extends out laterally into some of the cells along the posterior boundary of the somite which also express myoD. These data further support the suggestion that constitutive hsp90a gene expression is restricted to cells undergoing myogenesis within the developing myotome.
Following heat shock, the levels of hsp90a mRNA increase and expression becomes detectable throughout the somite and along the CNS. As can be seen in Fig. lJ , the highest levels of hsp90a mRNA following heat shock are still found within the cells along the notochord and the posterior margin of the somite. Thus, while heat shock results in activation of hsp90a gene expression in cells which do not express the gene at control temperatures, the highest levels of hsp90a mRNA are observed predominantly in those cells which also express the gene at control temperatures. In contrast, myoD and a-tropomyosin mRNA levels do not increase following heat shock (K,L). Indeed, we often observed a general decline in the signal intensity for both mRNAs following heat shock. The intensity of the signal was variable among individual embryos, with some showing no detectable difference in myoD or a-tropomyosin levels following heat shock and other, such as those shown in Fig. lK,L , showing a general decline.
2.3. Hsp9Oa mRNA is co-ordinately expressed with myoD mRNA in pectoral fin buds and is down-regulated in difSerentiated muscles of the trunk at control temperatures The data presented thus far strongly suggest that the hsp90a gene is expressed during the normal process of myogenesis within the developing myotome. Furthermore, the gene is subject to very different mechanisms of regulation at control and heat shock temperatures. In order to further examine the expression of the hsp90a gene, we compared its expression to the myoD and a-tropomyosin genes in 2-day-old embryos. The reasons for doing this were twofold. First, it would allow us to determine if hsp90a mRNA is also specifically co-expressed with myoD mRNA in muscle progenitors elsewhere in the embryo, namely the pectoral fin primordia. The myoD gene is known to be expressed specifically within a subset of cells of the pectoral fin bud at this stage of development (Weinberg et al., 1995) . Secondly, it was important to determine if expression of the hsp90a gene remains high in the mature muscles of the trunk or if it is downregulated along with the myoD gene following muscle differentiation. If hsp9Oa is involved in the process of muscle cell differentiation but not in the maintenance or function of the mature muscle phenotype, then the levels of hsp90a mRNA would be expected to decline in differentiated muscle cells.
The expression patterns of hsp90a, myoD and atropomyosin mRNA in 2-day-old embryos are presented in Fig. 2 . Interestingly, hsp90a and myoD are expressed in a strikingly similar pattern within the pectoral fin primordia. Both mRNAs are present specifically within cells along the anterior and posterior margins in the proximal portion of the fin bud (arrows in A$). Furthermore, neither hsp90a nor myoD mRNA is present within the mature muscles of the trunk (arrowhead in A,C) at levels comparable to those observed in the myotome of embryos undergoing somitogenesis (see Fig. 1 ). In contrast, the mRNA for a-tropomyosin remains at high levels in differentiated muscles, as would be expected for an mRNA encoding a structural protein required for muscle function (arrowhead in E). Although a-tropomyosin mRNA is also present within the fin bud at this stage of development, the signal intensity is much lower than that observed in the trunk muscle. As was observed in earlier stage embryos, the spatial patterns of myoD and a-tropomyosin mRNA do not change following heat shock whereas expression of the hsp90a gene is dramatically upregulated throughout the embryo (B,D,F). Finally, the spatial pattern of expression of the hsp908 gene is very different from that of the hsp90a gene, with the hsp90flgene being expressed predominantly in the brain (compare A,B with G,H). This further supports the suggestion that these two members of the zebrafish hsp90 gene family are subject to different mechanisms of regulation within developing embryos and probably play veiy different functional roles.
MyoD gene expression in paraxial mesoderm precedes that of the hsp90a gene
MyoD mRNA expression is first detectable in small triangular patches on either side of the embryonic shield in 6.5-h-old gastrula stage embryos. As the embryonic axis extends, the myoD mRNA is detected as a pair of narrow stripes within the paraxial mesoderm along either side of the notochord. The segmental pattern of expression within medial and lateral domains appears following somite maturation (Weinberg et al., 1995) . In order to determine if hsp90a mRNA is also detectable at the time myoD mRNA first appears, we performed in whole mount situ hybridizations on gastrula stage embryos. As shown in Fig. 3A , myoD mRNA is detectable within two small patches on either side of the embryonic shield as expected. In contrast, a similar pattern of tissue-specific expression of hsp90a mRNA is not observed at this stage of development (B). However, hsp90a mRNA is detectable at high levels throughout the embryo following heat shock (E). Hsp9Oa mRNA is detectable within two stripes of cells along either side of the notochord in embryos at 12 h of development (C). In addition, expression begins to extend out into lateral cells of the posterior somite margin in some embryos at this stage of development, although this is not visible in this embryo. Thus, the spatial pattern of constitutive hsp90a gene expression is established subsequent to activation of myoD expression within the paraxial mesoderm. Following heat shock, much higher levels of hsp90a mRNA are found within these medial and lateral domains as well as within the rest of the somite (F). As expected, heat shock also induced the synthesis of hsp90a mRNA in other tissues of the embryo similar to that seen during heat shock of 16-h-old embryos.
Discussion
In the present study, we have demonstrated that constitutive hsp90a mRNA is restricted primarily to a subset of cells within the somites and pectoral fin buds of developing zebrafish embryos which also express myoD. Furthermore, expression of the hsp90a gene is downregulated along with myoD in differentiated muscles of the trunk at a time when levels of mRNA encoding the muscle structural protein a-tropomyosin remain high. This study represents the first analysis of hsp90 gene expression during embryonic muscle development and suggests that the hsp90a gene plays a specific role in the normal process of myogenesis in addition to providing protection to all cells of the embryo during periods of environmental stress.
It is well established that members of the hsp90 family interact with and regulate the activity of a select group of intracellular signalling molecules and transcription factors in vitro (reviewed in Pratt, 1992; Bohen and Yamamoto, 1994) . Included in this group is the murine myogenic bHLH protein myoD, which was originally identified by its ability to convert cultured CH310T1/2 fibroblasts to a myoblast phenotype (Davis et al., 1987) . MyoD belongs to a family of conserved proteins known as myogenic regulatory factors (MRFs), four of which have been identified in mammals: MyoD (Davis et al., 1987) , Myf-5 (Braun et al., 1989) , myogenin (Wright et al., 1989) , and MRF-4 (Rhodes and Konieczny, 1989) . The MRF genes are expressed in skeletal myoblasts and myotubes and are Fig. 2. Hsp90a (A,B) , my& (C,D), a-tropomyosin (E,F) and hsp901 (G,H) gene expression in pectoral tin buds (arrows) and trunk muscle (arrowheads) of 2-day-old embryos. Whole mount in situ hybridizations were performed using the hsp90a, myoD, a-tropomyosin, or hsp 90flantisense probes as outlined in Section 4. Note that hsp90a mRNA is co-expressed with myoD mRNA in the pectoral fin bud at control temperatures but is dramatically upregulated throughout the embryo following heat shock. A,C,E,G, control (28S"C). B,D,F,H, heat shock (37"C, 1 h). Scale bar, IOOpm. believed to play a pivotal role in the differentiation and maturation of muscle progenitors into myofibers (Weintraub, 1993; Buckingham , 1994; Olson and Klein, 1994; Rudnicki and Jaenicsch, 1995) . This is supported by mouse gene knockout experiments in which elimination of both the MyoD and Myf-5 genes results in embryos that completely lack skeletal myoblasts and myotubes (Rudnicki et al., 1993) . The fact that either myoD or myf-5 alone are sufficient for skeletal myoblast formation in single knockout mice demonstrates that functional redundancy is a feature of the regulatory network Rudnicki et al., 1992) . Myogenin-null mice possess normal numbers of skeletal myoblasts but show a severe reduction in the number of muscle fibers, indicating that myogenin acts downstream of myoD and myf-5 (Hasty et al., 1993; Nabeshima et al., 1993) . In zebrafish, a cDNA encoding myoD has been cloned and found to be highly similar to myoD in mouse and Xenopus (Weinberg et al., 1995) . Furthermore, the gene is expressed in the paraxial mesoderm well before overt muscle differentiation and is down-regulated in myotomes during later phases of differentiation (Weinberg, 1995) .
As described above, the sequence-specific DNAbinding activity of recombinant murine myoD/myoD and E12/E12 homodimers as well as myoD/ElZ heterodimers is enhanced in the presence of hsp90 (Shaknovich et al., 1992; Shue and Khotz, 1994) The activation step mediated by hsp90 occurs subsequent to heterodimer formation and hsp90 is not a component of the final dimer complex. While a similar dependence on hsp90 has not been demonstrated for myoD or other MRFs in other organisms, there is an extremely high degree of sequence conservation among members of the hsp90 family across species boundaries. More importantly, a high degree of functional conservation has also been observed. For example, human hsp90 will support near wild-type growth rates in cells of Saccharomyces cerevisiae which do not produce functional hsp90. Furthermore, yeast hsp90 is capable of activating both mammalian steroid receptors and pp60y-src in strains which overexpress these two signalling molecules (Picard et al., 1990; Bohen and Yamamoto, 1993; Xu and Lindquist, 1993; Nathan and Lindquist, 1995) . Given the data presented in this study, it will be important to determine if zebrafish hsp9Oo is also capable of enhancing the DNA-binding activity of recombinant zebrafish myoD. The high degree of sequence conservation between zebrafish and mouse myoD (Weinberg et al., 1995) coupled with the high degree of identity of the respective hsp90 amino acid sequences (Krone and Sass, 1994; see above) suggests that a conserved mechanism of myoD activation is a strong possibility. If this is true, then it is also possible that hsp9Oa expression assists in defining cells which are to undergo differentiation into muscle by enhancing the DNAbinding activity of myoD. However, the process of myogenesis within the myotomes and fin buds of zebrafish embryos is poorly understood and it is not presently known if muscle differentiation is limited only to those cells which co-express myoD and hsp90a. Such a model will have to await more detailed fate mapping studies in which the differentiation of individual cells can be more closely correlated to the spatial pattern of myoD and hsp90a expression.
The strong induction of hsp90a gene expression after heat shock at 37°C observed in this study and others (Krone and Sass, 1994) suggests that the hsp90a gene plays a major role in the mechanisms which protect embryos from heat stress. Furthermore, extended exposure of zebrafish embryos to 40°C is lethal whereas embryos continue to develop at 37°C suggesting that heat protection mechanisms cease to be effective at temperatures above 37°C (Sass and Krone, unpublished) . Using Northern blot analysis, we have found that hsp90a mRNA in heat-shocked zebrafish embryos is first detectable after 15 min at 37°C with maximal levels being reached after 1 h (Krone and Sass, 1994; Sass and Krone, unpublished) . A similar time course for heat shock gene expression has been observed in Xenopus embryos (Heikkila et al., 1987; Krone and Heikkila, 1988) . Thus, a lag time of at least 15-20 min would be expected before enough heat shock proteins accumulate to confer some degree of protection. Given the rapid rate of development of zebrafish embryos, this is enough time to cause significant disruption of heat sensitive mechanisms following sudden exposure to increased temperature.
Indeed, exposure of postgastrula zebrafish embryos to a temperature of 39-41 "C for a period of only 20 min results in disturbances in myotomes, including abnormalities in length and alignment of individual muscle fibers and the positions of associated spinal primary motoneurons (Kimmel et al., 1988) . The above studies suggest a second possible role for constitutive hsp90a gene expression in muscle progenitors, that of an immediate safeguard for protection of heat sensitive myogenic regulatory mechanisms.
Given the rapid development of zebrafish embryos, such a mechanism would allow development to proceed normally following a sudden temperature increase to nonlethal levels. In this light, it is interesting that murine hsp90 can partially reactivate the DNA binding ability of myoD heat-denatured at physiologically relevant temperatures in vitro (Shaknovich et al., 1992) .
Heat-induced transcriptional activation in eukaryotic organisms occurs through the interaction of heat shock factor (HSF) with the heat shock element (HSE) in the promoter of heat shock genes (Fernandes et al., 1994; Morimoto et al., 1994; Wu et al., 1994) . This mechanism is very highly conserved in all eukaryotes examined to date, including yeast, Drosophila, mouse and humans (Fernandes et al., 1994; Morimoto et al., 1994; Wu et al., 1994) . Thus, it is likely that a similar mechanism is responsible for activating heat-induced transcription in zebrafish. This is supported by the fact that a human hsp 70 promoter can drive heat-inducible expression of reporter genes in carp and trout cells (Bearzotti et al., 1992) . We are currently examining the hsp90a promoter in order to identify functional heat shock elements.
The mechanisms responsible for tissue-specific regulation of hsp90a gene expression are not known. Since similar studies have not been carried out in embryos of other vertebrates, it is not possible to compare regulatory networks. As described above, myoD and other members of the MRF family play an important role in muscle cell differentiation and maturation. MRF proteins bind to the E-box, a DNA motif consisting of the sequence CANNTG which is present in the promoter region of a number of different muscle specific genes (Blackwell and Weintraub, 1990; Wright et al., 1991) . Analysis of the hsp90a promoter for functional E-boxes will allow us to address the role which myoD or other MRFs play in the regulation of hsp90a gene expression. The potential involvement of myoD in hsp90a regulation is supported by our data which demonstrate that hsp90 expression is activated temporally subsequent to myoD. However, it is also clear that the myoD gene alone is not sufficient for the activation of hsp90a expression since the hsp90a gene is expressed in only a subset of those cells within the somite which also express myoD. Thus, other regulatory genes expressed in muscle progenitors such as snail1 (Hammerschmidt and Niisslein-Volhard, 1993; Thisse et al., 1993) or members of the engrailed family (Ekker et al., 1992) may also be involved in regulating hsp90a gene expression, possibly acting in concert with myoD or other MRF-encoding genes.
Experimental procedures
Fish and embryos
Adult zebrafish were obtained from commercial suppliers and maintained according to standard methods (Westerfield, 1993 ) in Steinberg's solution (60 mM NaCl, 0.7 mM KC], 0.8 mM MgS04, 0.3 mM &NO,, 1.4 mM Tris-Cl, pH 7.4 in millipore filtered water). Embryonic staging described by Westerfield (1993) was used as a guideline for staging developing embryos at 28.5"C. For heat shock experiments, embryos were placed in 35 mm petri dishes sealed and submerged in a water bath at 34°C or 37°C for 1 h. Control embryos remained at 28.5"C for the same l-h period.
Probe synthesis
Digoxigenin-1 l-UTP (Boehringer Mannheim) sense and antisense RNA probes were synthesized by in vitro transcription reactions. The previously described hsp9Oa and hsp90,d PCR-derived cDNA fragments (Krone and Sass, 1994) , a cDNA clone containing the complete myoD coding region (Weinberg et al., 1995) and a cDNA clone containing the a-tropomyosin coding region (Ohara et al., 1989; Weinberg et al., 1995) were used as templates. The specificity of these probes for their respective messenger RNAs has been demonstrated (Krone and Sass, 1994; Weinberg et al., 1995) .
Whole mount in situ hybridization
The in situ hybridization protocol of Puschel et al. (1992) was used with minor modifications (Akimenko et al., 1994) . Embryos were fixed with 4% paraformaldehyde/phosphate-buffered saline (PFA/PBS) for 1 h at 4°C. Following fixation, embryos were washed in two changes of PBS and then dehydrated in two changes of methanol. Fixed embryos were mechanically dechorionated using fine dissecting forceps, and rehydrated by washing in 75%, 50%, and 25% methanol at room temperature (RT). Embryos were then washed in four changes of PBST (PBS with 0.1% Tween 20). Embryos at stages earlier than 20 h post-fertilization were not pre-digested with proteinase K. Two-day-old embryos were subjected to proteinase K digestion (25 pg/ml, Boehringer-Mannheim) in PBST at RT for 5 min. Following proteinase K digestion, embryos were washed in two changes of PBST, post-fixed in 4% PFA/PBS for 20 min, and again washed in PBST. Pre-hybridization was carried out at 65°C for at least 1 h in hyb-mix (50% formamide, 5~ SSC, 0.1% Tween 20, 50,uglml heparin, lOO,ug/ml yeast tRNA, 9.2,~M citric acid, pH 6.0). Hyb-mix was removed and hybridization with probe (100 ng/200@ hyb-mix) was carried out overnight at 65°C in 500@ microcentrifuge tubes. The following lo-min washes were then carried out at 65°C: 75% hyb-mix/25% 2~ SSC, 50% hyb-mix/50% 2~ SSC, 25% hyb-mix/75% 2x SSC, 100% 2~ SSC. Two 30min washes were done at 60°C in 0.2~ SSC. Additional 5 min washes were then carried out at room temperature: 75% 0.2~ SSC/25% PBST, 50% 0.2X SSC/SO% PBST, 25% 0.2x SSC/75% PBST, 100% PBST. Embryos were then preincubated for l-3 h in a blocking solution (2% newborn calf serum, 2 mg/ml BSA in PBST) and then for 2-3 h with a 1:20 dilution of alkaline phosphatase-coupled anti digoxigenin antibody (Boehringer-Mannheim) preadsorbed against an extract from 4-day-old zebrafish embryos. Following antibody binding, embryos were washed in several changes of PBST for 1.5 h, and then in several changes of alkaline phosphatase buffer (100 mM Tris-HCl, pH 9.5, 50 mM MgC12, 100 mM NaCl, 0.1% Tween 20, 1 mM levamisol in DDW). The embryos were incubated in staining buffer (alkaline phosphatase buffer containing 250 pg/ml 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and 225 pug/ml nitroblue tetrazolium), washed immediately following the staining reaction in PBST and post-fixed in 4% PFA/PBS for 30 min at RT. For photography, embryos were dehydrated in 100% methanol and cleared in benzyl benzoate: benzyl alcohol (2: 1).
